As the development of tight/unconventional and partially depleted gas reservoirs has increased, so has the demand for more-innovative hydraulic-fracture designs. Operators are increasingly placing proppant with slickwater, linear gel, or hybrid fracture designs. While the benefits of these designs typically are attributed to a reduction in gel damage of the proppant pack, many operators mistakenly believe that the resulting fractures are not conductivity-limited.
Introduction
The Cotton Valley Group was deposited during the Upper Jurassic period and is predominantly a deltaic-dominated clastic unit. In Rusk County, the Cotton Valley Group is approximately 1,500 in. thick. The basal portion of the Cotton Valley Group is called the Taylor Sand. It is bounded below by the Bossier Shale and above by a relatively tight carbonate unit referred to as the Taylor Lime. The latter carbonate unit also appears to provide separation from the more-water-prone members in the Cotton Valley Group.
The Taylor sand was deposited in a marine-dominated deltaic environment. It consists of fine-grained sandstone and silts, which results in relatively low effective porosity. The average gross thickness of the Taylor sand through the study area is approximately 250 ft. The porosity in the interval ranges from 7 to 14%, with an average value of 9%. Water saturation averages approximately 32% and is generally considered to be connate saturation. Permeability was not measured but is believed to be in the range of 0.04 to 0.1 in the study area.
The case-study area is in the Minden field just southwest of Henderson, Texas, in Rusk County (Fig. 1) . Wells have been drilled in the field since the late 1970s to the present. The reservoir being studied specifically targets the Taylor Sand.
Stimulation-Treatment History. The Cotton Valley sand has been exploited for years, with success being attributed solely to hydraulic fracturing. Early stimulation treatments during the 1980s were performed using crosslinked gels. In the late 1990s, stimulation turned away from crosslinked-gel systems, and the use of slickwater treatments began. These treatments proved to be less damaging and provided better results, with the added benefi t of lower cost. The success of these slickwater treatments is believed to be directly related to the placement of proppant in a "banking mode." This effective placement has made it economical to continue developing and exploiting the resources from the Cotton Valley sand.
The first treatments in the Cotton Valley sand involved massive proppant volumes, on the order of 1,000,000 lbm of sand or more. Crosslinked fluids allowed for placement of proppant at relatively high concentrations, sometimes as high as 10 lbm of proppant per gallon of stimulation fluid (PPA). The ability to place the proppant at these high concentrations helped to limit the fluid-volume requirements. Results from these jobs yielded high initial production rates, but the initial decline rates were very high, often 65 to 80% in the first year. The cumulative production volumes are significant, often in excess of 1 Bcf of gas, but the recovery times extended into the 15-to 20-year time frame. One suspected cause of the extended production times was the effects of polymer residue in the fractures.
Slickwater treatments re-evolved in the Cotton Valley Sand as a more effective means of placing proppant without the negative effects of gel residue that were experienced with the crosslinked treatments. Several perceived negative aspects had to be accepted with slickwater fracturing. Slickwater provides poor proppanttransport characteristics that prevent placement of the proppant in high concentrations. Most slickwater jobs have an average of less than 1 PPA, with maximum concentrations typically less than 3 PPA in the final stages. This small concentration requires much larger volumes of water to place significantly less proppant than was placed with the crosslinked treatments.
Another benefit of the slickwater treatments was the decreased chemical requirements. Typical additives for slickwater treatments were limited to a friction reducer, scale inhibitor, oxygen scavenger, bactericide, and occasionally a surfactant. This minimal approach helped to keep stimulation costs in check despite the larger fluid-volume requirements.
Offset Wells. A collective study of the offset wells within a 1-mile radius of the study-area wells was conducted (Fig. 2) . Several wells in the investigation area were completed in one or more intervals of the Cotton Valley Sand in addition to the Taylor Sand interval and were consequently excluded from comparison cases. Twenty offset wells remained for comparison to the six wells in the study area. The primary focus of the case study is a comparison of the last fi ve wells that were stimulated using 100% economy-lightweightceramic (ELWC) proppant.
Although complete stimulation records were not available from all operators, stimulation of 18 of the 20 wells appeared to have been performed with slickwater fracturing or hybrid fracturing. Public records indicate that the average proppant concentration (total proppant/total fluid volume) from these jobs ranged from 0.54 to 2.3 PPA. Most slickwater jobs typically have an average proppant concentration less than 1.0 PPA, while hybrid-type jobs generally have average concentrations of approximately 2.0 PPA. A hybrid fracture stimulation would be described as having some portion of the proppant-laden fluid being gelled and/or crosslinked fluid. Two stimulation treatments, on Wells A1 and D6, appear to have used a crosslinked fluid because of the relatively high average proppant concentration of 3.7 and 4.1 PPA, respectively. The range of fluid volumes used for the slickwater jobs was from 6,730 to 12,000 bbl of water, with an average volume of 8,640 bbl. The proppant type was typically reported as sand, with an undisclosed split consisting of 40/70-and 20/40-mesh sand. Job volumes ranged from 179,000 to 702,000 lbm, with an average volume of 398,000 lbm.
Bank Placement Concept. The concept of proppant placement in slickwater stimulations was developed in 1958 by Kerns et al. (1959) . The experimental data showed that proppant would fall out of the fl uid as it entered the fracture as a result of gravity effects (Fig.  3a) . The proppant would form a bank near the wellbore that would increase in height until an equilibrium height was reached after which all remaining slurry would be carried and deposited more effi ciently on the back end of the proppant bank (Fig. 3b) . The experiment also indicated that the fi rst proppant in the well would remain nearest the wellbore and the last proppant placed would be deposited at the farthest end of the fracture away from the wellbore (Fig. 3c ). This deposition of proppant in a bank would also tend to create the highest bed concentration possible for the width created by the slickwater.
Conductivity and Proppant Selection. The key to choosing the correct proppant lies in understanding the conditions for which the proppant is going to be placed. While many may use manufacturers' published conductivity data, great caution must be taken when doing so, because these data are typically generated using the ISO-13503-5 conductivity test (previously the modifi ed APIT RP-61 test 2006). Several authors have cautioned against using these data without correcting for realistic conditions (Barree et al. 2003; Palisch et al. 2007 ). In fact, it has been shown that the actual conductivity in a typical proppant pack is likely to be more than 90% lower than reference (baseline) data.
Most current operators in the study area pump 40/70 and 20/40 White and Tempered LC resin-coated sand. The bulk of the job is typically the 40/70 material, followed by a small tail in of the 20/40. There are two primary reasons driving proppant selection in the area. The first is an apprehension in attempting any significant quantities of larger proppants (>40/70) because of settling in these slickwater fluids. The second is the common misperception that the conductivities of these sands and resin-coated sands (RCSs) are "good enough."
Proppant Settling and Transport. This is an operational issue that is closely tied to the fl uid selection, pump rate, and pump schedule. Each operator (and pumping company) develops its own comfort level on what proppant size and concentration is appropriate for a given fi eld, fl uid system, and pump schedule. The operator must weigh the placement risks against the benefi ts of increased conductivity to determine which proppant to use. In this case study, the risk of pumping ELWC was considered minimal because the median grain size for the 30/50 was not much larger than that of 40/70 sand and that of the 20/40 was only slightly larger than that of 20/40 sand. As a precautionary measure, the jobs were designed with the option of pumping additional sweep volumes, a linear fl uid, or a crosslinked fl uid if necessary to place the desired proppant selection.
Realistic vs. Reference Conductivity. One must fi rst understand the conductivity of the available proppants under realistic conditions to determine whether conductivity is going to be "good enough." Fig. 4 shows a comparison of the baseline conductivities of several proppants identifi ed by the operator for use in the Cotton Valley-Taylor completions. As already stated, however, these baseline conductivities do not realistically represent the performance of the proppants once they are placed in actual conditions, and in many cases they may be more than one order of magnitude too high (Palisch et al. 2007) . While all sizes and types of proppants behave differently, if the reference conductivity of each of the Fig. 4 proppants is reduced by 90%, the values would drop to a low of 35 md-ft (40/70 sand) and a high of 410 md-ft (20/40 ELWC) (Table 1) , leading one to recognize the need for maximizing conductivity.
Additional Conductivity Testing. The authors were also concerned with the effects that time and temperature have on proppants. Several papers have been written on these subjects in the past that have shown that increased temperature adversely affects sand-based products and that duration seems to impact all proppants (Stim-Lab Proppant and Fluid Consortia 2006; Cobb and Farrell 1986; Hahn 1986; Montgomery and Steanson 1985) . To understand the magnitude of these effects for these CV-T fracture treatments, lab testing was performed on several proppants, using samples obtained by the operator.
ISO 13503-5 test procedures (International Organization for Standardization 1958) were used (2 lbm/ft 2 concentration, Ohio sandstone, and all the other conditions) except that the test temperature for all proppants was 250°F. In addition, conductivity, permeability, and beta measurements were taken after 50 hours at each stress of 4,000, 5,000, and 6,000 psi. Once 6,000 psi was reached, it was maintained for approximately 45 days, and conductivity, permeability, and beta measurements were obtained weekly. The intent was to measure the relative proppant performance at temperature and stress conditions similar to those of the operator's wells, and to examine how the duration of the test affected this performance. The tests were originally intended for 3 months, but a power failure in the lab caused the tests to be aborted after approximately 45 days.
As outlined in the ISO standard procedure (2006), the authors used silica-saturated, deoxygenated potassium chloride solution to reasonably simulate formation water, and to ensure that any degradation in proppant performance was not because of dissolution, corrosion, or scaling of the proppants or of the Ohio sandstone shims.
After 1.5 months at 6,000-psi stress, all proppants saw a decline in conductivity, with sands losing 55%, RCS losing 25 to 30%, and ELWCs losing an average of 15% (Fig. 5) .
These losses can be significant, particularly if the base conductivity is low to begin with. After accounting for these losses, the contrast in actual conductivity between proppants can be dramatic (Fig. 6) . Under these conditions, 40/70 ELWC provides three to four times the conductivity of 40/70 RCS and sand, and these numbers increase to six to eight times for 30/50 ELWC. In fact, 30/50 ELWC retains 70% more conductivity than the larger 20/40 RCS. This testing indicates 20/40 ELWC will provide five to 17 times the conductivity of the sand and the RCS that this operator had previously received on location.
In addition, a comparison of the beta factor (non-Darcy flow coefficient [Forchheimer 1901; Milton-Taylor 1993] ) similarly shows that as time progresses, the beta factors increase also (Fig. 7) . Keep in mind that the lower the beta factor, the lower the impact that non-Darcy flow has on the pressure drop in the fracture.
On the basis of these data, 40/70 sand and RCS have three to five times the pressure drop because of non-Darcy flow effects compared to 40/70 ELWC. Even 20/40 RCS has two to three times the nonDarcy pressure drop as 40/70, 30/50, or 20/40 ELWC (Fig. 8) .
Model Results of Increased Conductivity. To understand how these conductivity reductions would impact production in the CV-T study area, the fi nal conductivities (at 1.5 months) of each proppant were entered into a predictive model (Stim-Lab Proppant and Fluid Consortia Program 2006) and production curves were generated for each proppant. This model also incorporates numerous other conductivity impacts such as non-Darcy and multiphase fl ow. The parameters used for the model are shown in Table 2 .
Using these input data, the conductivities under realistic conditions were predicted (Fig. 9) . As expected, the proppants lost 75 to 90% of their reference conductivities when evaluated under realistic conditions. For model simplicity, it was assumed that the proppant was distributed uniformly across the entire 100-ft. fracture height and 500-ft. half-length. Realistically, the fracture is much more complicated, and these conductivity predictions are a best-case scenario.
It is not surprising then that these conductivity differences have a significant impact on predicted production rate (Fig. 10) . Upgrading from 40/70 sand or RCS to a 40/70 ELWC has the potential to increase production by 25 to 40%, while an upgrade to 30/50 ELWC would yield an additional 20% over 40/70 ELWC. 20/40 ELWC would yield an increase of almost 50% over 20/40 RCS.
After 5 years, a well that uses 40/70 ELWC would be expected to produce 300 to 400 MMcf more gas than the same well fractured with 40/70 RCS or sand (Fig. 11) . Note that these modeling results reflect only the degradation in baseline conductivity (Figs. 5 and 6), not the degradation in beta factor (Figs. 7 and 8) . Because the beta factor in the sand-based products was affected more adversely by time (and temperature) than that of the ELWC products, the differences in production between these products are expected to be even greater if this were also taken into account.
Treatment-Design Changes
It has been shown in many formation types that there is a benefit to higher-conductivity proppant (Vincent 2002; Flowers et al. 2003; Handren et al. 2001; Huckabee et al. 2005; Vincent 2004 ). The first treatment in the study area was based on a typical fracturing schedule recommended by a local service company using 70% 40/70 sand and 30% 20/40 ELWC proppant in 10,290 bbl of slickwater. Therefore, the first change made by the operator to the treatment schedule was to replace the 40/70 sand with 40/70 RCS. The designed stimulation schedule successfully placed in the A2 well is shown in Table 3 . As discussed in the preceding section, 40/70 RCS has significantly higher conductivity when compared to 40/70-mesh sand. Note that while it would have been preferred, a 40/70 ELWC was not available at the time of this first fracture treatment.
Subsequent Design Changes.
If the sand bank from the typical treatment design (Table 3) is placed as proposed (Fig. 3) , then the highest conductivity in the fracture will be at the top and at the back end of the fracture. This conductivity is wasted at the tail end of the fracture because the lowest fl ow rates will be encountered at this location of the fracture. After successfully placing the 40/70 RCS and 20/40 ELWC, the next obvious change to make was the replacement of the lead 40/70 RCS with a 30/50 ELWC proppant.
Recall that 30/50 ELWC would provide more than four times more conductive fl ow path, further accommodating the non-Darcy and multiphase fl ow concerns. Table 4 summarizes the job volumes used for the wells in the study area. The pumping schedule for Well A3 was identical to that of Well A2, with the exceptions that the 40/70 RCS was replaced with 30/50 ELWC and the surfactant schedule was modified. Surfactant was pumped in Well A2 at a constant 1 gal/1,000 gal of water (gpt). The surfactant schedule was modified for Well A3 to begin with 3 gpt in the pad and to taper to 0.5 gpt by the end of the job. This modification was made in an attempt to improve recovery of the first fluid pumped in the well.
The pump schedule for Well A4 was planned to be identical to the treatment placed in Well A3. However, because of an operational problem, there was not sufficient water available to pump the schedule as designed. As a result, the schedule was modified and 170,000 of the 189,000 lbm of proppant placed was 30/50 ELWC. The estimated ultimate recovery (EUR) of this well will be compared to a direct offset to show the benefits of merely pumping smaller proppant with a higher conductivity value than sand.
Well A5 was one of the first wells where proppant stages were combined and sweep stages were eliminated. The modified schedule eliminated six sweep stages and reduced the total water requirements by over 1,200 bbl. The reduced volume also decreased the surfactant total even while maintaining the modified taper schedule from 3.0 to 0.5 gpt.
Wells A6 and A7 incorporated a larger percentage of the 20/40 ELWC in an effort to improve gas recovery further through increased fracture conductivity. For Well A6, 25,000 lbm of the 20/40 ELWC was placed in the first two slurry stages using a linear gel at 0.25 to 0.5 PPA. The purpose of this change was to build the early part of the sand bank with a higher-conductivity proppant where the highest flow rate would occur in the reservoir. Because no problems occurred in the A6 well, the schedule was modified further for the A7 to place the early larger proppant stages using only slickwater. The schedule was also modified to place only the 2.5-PPA or heavier slurry stages with linear gelled fluid, and all sweeps were eliminated from the final large proppant stages. These changes resulted in another 1,200 fewer bbl of water required and another reduction in the surfactant requirements.
Water recovery after the fracture stimulations was monitored using tracer chemicals distributed throughout the treatment fluid. Initial surfactant loading of 1 gpt in Well A2 gave a water recovery in the range of 35 to 40%, after 75% of the total fracture volume of water was recovered (tracer dilution by other waters). The surfactant schedule tapering from 3 to 0.5 gpt through the job improved water recoveries to a range of 55 to 60% after 85% recovery of the total load volume. The advantage of this improved load-water recovery is expected to correlate to the improved removal of polymer.
Field Results
Comparisons between the initial rates from the 20 offset wells and the five wells in the study are quite revealing. The 20 offset wells had an average initial-production ( The cumulative production volumes were also compared after 180 days of production (Fig. 12) . The 20 offset wells had an average cumulative production of 122.8 Mcf/D of gas during this time period. The A2 well, which used the RCS followed by ELWC tail, outperformed the offset wells for the first 105 days and then fell below the offset wells for the next 75 days. This appears to be a result of the 25% smaller proppant volume pumped in the A2 well. The average cumulative production from the five wells in the case study was 137.6 Mcf/D of gas. If the A4 well is excluded because of its smaller job size (aborted early because of operational problems), the remaining four wells had an average cumulative production of 141.0 Mcf/D of gas. This is a difference of 18.2 mmcf of gas with a value of USD 127,700, at USD 7/Mcf. The incremental cost of changing from RCS in the A2 well to all ELWC was only USD 18,000, yielding an extraordinary rate of return and payout.
All the wells-the five case-study wells and the 20 offset wells-had similar condensate yields of approximately 9.7 bbl/ MMcf of gas. Therefore, the case-study wells also produced an average of 177 bbl of incremental oil during the first 180 days. Using an average of USD 60/bbl, this would be additional revenue of USD 10,600 (Fig. 13) . EUR Comparison. Two of the wells in this case study, the A1 and D6 wells, have been producing for 28 and 26 years, respectively. The average EUR for the two wells will be 0.93 Bcf over an average well life of 29 years. The remaining 18 wells have an average EUR of 1 Bcf of gas over an average well life of 23.5 years. Therefore, it appears that the use of slickwater has improved the rate of recovery, but it appears to have done little for improving the EUR.
The five wells (A3 through A7) that were stimulated using slickwater and all-ELWC proppant have an average EUR of 1.31 Bcf of gas over an average well life of 8.1 years. This is an average increase of approximately 0.3 Bcf per well, or 1.5 BCF for all five wells combined. Excluding the additional benefits of the time value of money, Well A2-213,000 RCS, 92,000# ELWC the value of the additional gas recovered alone is more than USD 1,000,000 for an assumed average gas price of USD 7/Mcf of gas. In essence, the five wells using ELWC will deliver the same amount of gas as six wells using sand, and in a reduced period of time.
A notable result was also realized in the A4 well. Even with the smaller volume of proppant being pumped, most of which was 30/50 ELWC, the A4 well outperformed the direct-offset Well D5. The D5 was stimulated with a total of 516,000 lbm of sand. This is more than twice the weight of proppant placed in the A4 well. After 6 months the A4 well produced 124 MMcf of gas compared to the D5 well, which produced only 101 MMcf of gas. This single-well comparison further highlights the advantage of higher-conductivity proppant as a means for production enhancement.
Conclusions
A summary of the conclusions drawn from this case study are as follows: 1. Placement of higher-conductivity ELWC proppants instead of 40/70 sand has improved the IP rate of the case-study wells over the offset comparison wells by an average of 20 to 30%.
2. After 180 days, the case-study wells have produced an average of 18 MMcf more per well than the offset wells. After accounting for the increase in cost for the ELWC, this increase results in an incremental value of more than USD 100,000 per well. The incremental condensate produced by the study wells adds an additional USD 10,000 in value per well. 3. Slickwater treatments alone have accelerated the reserve's recovery in the Taylor Sand, but have not significantly improved EUR. 4. The case-study wells have a 30% improvement in EUR and a 290% acceleration of well life in the Taylor Sand in comparison to the offset wells. 5. Placement of 20/40 ELWC proppant in the front end of a slickwater hydraulic-fracture treatment is possible. 6. Placement of 30/50 ELWC proppant alone is an improvement over sand as the primary propping agent. 
